Abstract Novel stable carboxylic acid derivatized alkoxy silanes are co-condensed with tetraethyl orthosilicate in the presence of a structure-directing agent in a direct ''onepot'' synthesis to porous carboxy-modified silica particles. Special emphasis is given to the influence of an increasing amount of 5-(triethoxysilyl)pentanoic acid and sodium hydroxide on the morphology and porous structure of the co-condensation products. The simultaneous conversion of both silanes resulted in the formation of mesoporous, monodisperse spherical particles with diameters between 100 and 140 nm and specific surface areas up to 900 m 2 g -1 . Additionally, adsorption equilibrium studies were performed, in which the particles modified with carboxylic acid groups showed an increased adsorption rate toward methylene blue compared to pure silica materials.
Introduction
Hybrid mesoporous particles carrying functional organic groups have significantly broaden the application spectrum of pure silica materials, e.g., they can be used as adsorbents [1] or as active sites for biomolecule anchoring and polypeptide synthesis [2, 3] . Organofunctionalized silica materials are typically prepared via co-condensation reactions of two or more different silanes. Via this method, many different reactive groups can be introduced into the material [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, if there is no silane available carrying the desired functionality, the reactive group must be generated in tedious multi step processes. Disadvantages and difficulties of this post-treatment are that (1) the functional groups have to be accessible for the reagents, (2) the reagents should not react with other functional groups or the silica surface, and (3) several synthetic steps are necessary resulting in cost-and time-intensive procedures. Carboxylic acid-derivatized silica materials are mostly prepared by post-synthetic strategies comprising several steps, such as (1) hydrolysis of cyanides to carboxylic acid groups by adding concentrated sulfuric acid to the cyanidemodified silica particles [14] [15] [16] [17] , (2) hydrolysis of anhydride groups resulting in a material with a high density of carboxylic acid groups [18] [19] [20] , or (3) hydrolysis of ester compounds [21] . Further synthetic approaches, possible applications and prospects of carboxylic group-functionalized ordered mesoporous silica materials are given in an excellent paper written by Han et al. [22] .
Comparing co-condensation with post-synthetic reactions, the former is preferred in many cases. Reasons for this are that pore blocking, which is an inherent problem in subsequent modification reactions can be avoided and that the number of processing steps can be reduced to a minimum. However, only few papers are known in which carboxylic acid-derivatized silica materials are prepared via cocondensation of tetraalkoxysilanes with carboxylic acidfunctionalized silanes [23] [24] [25] . This can be explained by the fact that only a few carboxylic acid-functionalized silanes are available [26, 27] . Markowitz et al. [23] , for example, reported the possibility to synthesize SBA-15 mesoporous silicates with surface carboxylic acid groups by co-condensation of tetraethyl orthosilicate (TEOS) with a commercially available water-soluble sodium salt of the organosilane carboxyethylsilanetriol (CES). For carboxylic acid contents up to 5 wt%, the authors obtained mesoporous materials with a 2D hexagonal pore arrangement. However, copper binding studies revealed that the carboxy-modified materials showed no enhanced affinity for copper(II) ions, which make them unattractive as metal ion trapping agents. The possibility to use isolable carboxylic acid-functionalized trialkoxysilanes instead of CES was reported by Lin et al. [28] . For the co-condensation approach, the authors synthesized the carboxylic acid-modified, disulfide-containing organosilane, namely 2-[3-(trimethoxysilyl)-propyldisulfanyl]-propionic acid. A major advantage of the authors approach was the electrostatic matching effects between the anionic carboxylate-containing organoalkoxysilanes to the cationic headgroup of the CTAB surfactant. This supports on the one hand the formation of the silica network around the geometric arrangement of the surfactant molecule (resulting in silica materials with arranged mesopores) and on the other the preferred condensation of the carboxylic acid group at the silica-surfactant interface and therefore on the later pore surface. The synthesis, however, was not trivial and several reaction and purification steps were necessary to obtain the desired product.
In one of our recently published works, we demonstrated the possibility to synthesize stable carboxylic acid-derivatized alkoxysilanes via a convenient and straightforward one-pot hydrosilylation reaction of different unsaturated carboxylic acids with trialkoxysilanes in the presence of catalytic amounts of platinum(IV) dioxide [29] . We already reported the possibility to use these organosilanes as ligands for the complexation of europium(III)ions and the preparation of thin europium(III)-doped silica coatings [30] . In this paper, we report the suitability of 5-(triethoxysilyl)-pentanoic acid as a precursor molecule in the synthesis of carboxylic acid group containing siliceous materials using a co-condensation approach. Particular attention is given to the influence of an increasing amount of the carboxy-modified silane and sodium hydroxide on the morphology and structural properties of the materials.
Materials and methods

Materials
Tetraethyl orthosilicate (TEOS) and sodium hydroxide were purchased from Merck, cetyltrimethylammonium bromide (CTAB), methylene blue, and tetrahydrofuran (THF) from Sigma-Aldrich, and hydrochloric acid and ethanol (abs.) from VWR. All chemicals were used as purchased without further purification.
Synthesis of the carboxy-modified particles
5-(Triethoxysilyl)pentanoic acid was synthesized via hydrosilylation of pentenoic acid with triethoxysilane and platinum(IV) oxide as catalyst. The detailed synthesis is described elsewhere [29] . For the synthesis of carboxymodified silica particles, 5-(triethoyxsilyl)pentanoic acid and TEOS were mixed and added to a mixture of preheated (80°C) H 2 O (26.7 mmol), CTAB (2.7 mmol), sodium hydroxide, and ethanol. For more information see Tables 1  and 2 . After stirring for 2 h at 80°C, the solid particles were separated from the solution by centrifugation and washed with ethanol three times. CTAB was extracted using a 1 mol solution of hydrochloric acid in tetrahydrofuran. To the resulting particles 100 mL of a 1 mol HCl solution in THF was added, and the mixture was stirred for 12 h under reflux conditions. Finally, the particles were separated from the HCl/THF solution and dried at 80°C.
Adsorption equilibrium experiments
The basic dye methylene blue was investigated with respect to its adsorption behavior on carboxy-modified particles in comparison with pure silica materials.
In a typical experiment, 10 mg of the corresponding particles and 100 mL of the aqueous dye solution were stirred in a 180 mL polypropylene beaker at room temperature for 2 days. Prior to the UV/Vis measurements, the solid particles were removed from the dye solution by filtration over a polytetrafluoroethylene syringe filter with a membrane size of 100 nm. After filtration, the concentrations of the dye solutions were determined at the maximum absorbance wavelength of methylene blue (663 nm). To calculate the amount of the adsorbed dye, the following equation was used:
with C 0 and C e as the initial and the equilibrium concentrations of methylene blue (mmol L -1 ), V as the volume of the dye solution (L), and m as the mass of the adsorbent (g).
Characterization
For nitrogen sorption measurements, all samples were degassed under vacuum at 100°C for 12 h prior to analysis and measured on a Micromeritics ASAP 2420 at 77 K in the relative pressure range of p/p 0 = 0.05-0.99. The specific surface area was determined according to Brunauer et al. [31] by using the 5-point method in the relative pressure range of 0.05-0.30. The mesopore size distribution was calculated by the BJH method from the desorption branch [32] . Powder X-ray diffraction was carried out on a Bruker D8 Advance DaVinci device with Cu-K a radiation (k = 0.1542 nm). Scanning electron microscopy (SEM) was performed on a Zeiss ULTRA Plus operating at 1.5-5 kV accelerating voltage with an in-lens detector. IR-ATR spectra were recorded with a resolution of 4 cm -1 on a Bruker Vertex 70 spectrometer. UV/Vis measurements were performed on a PerkinElmer Lambda 750 device.
Simultaneous thermal analysis (STA) was performed on a STA 449 C Jupiter Ò (Netzsch) with a heating rate of 10 K min -1 in argon.
Results and discussion
Incorporation of organic groups in sol-gel materials by cocondensation is usually realized by a partial replacement of tetraalkoxysilanes by organofunctional trialkoxysilanes. This substitution has several consequences: first, the crosslinking density of the inorganic network is reduced, resulting in structural changes of the inorganic network [9, 13, [33] [34] [35] . Second, the organically modified trialkoxysilane exhibits a different hydrolysis and condensation behavior [36] , which increases the risk of homoinstead of the desired heterocondensation [10] . Suitable organofunctional silanes should therefore show reaction rates in the same order as the corresponding tetraalkoxysilanes. Otherwise, an incorporation of organic groups in the silica network is hampered and only possible after other procedures, such as prehydrolysis of the slower reacting silane. In this work, we investigate the possibility to introduce carboxylic acid groups into porous silica particles by applying the co-condensation approach of two different silanes namely TEOS and 5-(triethoxysilyl)pentanoic acid under basic conditions. In the first part, special emphasis is given to structural changes of the silica network by an increasing amount of 5-(triethoxysilyl)pentanoic acid or sodium hydroxide as well as on the interaction of the growing silica matrix with the structure-directing agent CTAB. Due to the negative charged carboxylate group of 5-(triethoxysilyl)-pentanoic acid, the organosilane serves as a co-structure-directing agent (CSDA), providing strong electrostatic interactions with the cationic headgroups of the CTAB micelles. This bridging effect of the CSDA between the organic and the inorganic species favors their self-organization and the formation of a periodically arranged pore systems [25, 37] .
In the second part, the successful incorporation of carboxylic acid groups in the silica matrix and their accessibility for basic dye molecules is discussed.
In summary, the following questions will be addressed in this work: (1) is it possible to incorporate highly reactive carboxylic acid groups by simple co-condensation sol-gel chemistry? (2) is there a limit regarding the amount of carboxylic acid groups that can be introduced? (3) does the co-condensation reaction in the presence of this silane result in a strong influence on the particle structure? and (4) can periodic pore structures by interaction with a suitable structure-directing agent, such as CTAB, be generated. Samples, described in this work are labeled as P x-y , in which x indicates the molar percentage of 5-(triethoxysilyl)pentanoic acid related to the total molar amount of silicon centers of 22.4 mol and y indicates the millimolar amount of NaOH added to 22.4 mol silicon centers.
To study the influence of 5-(triethoxysilyl)pentanoic acid on the morphology and the structural properties of the particles, pure silica materials have been prepared under similar conditions and SEM images of all particles were taken (Fig. 1) . For pure silica, the SEM images indicate a spherical shape of the particles with diameters of approximately 100 nm (Fig. 1a) . Comparing this result with the SEM images of the carboxylic acid-modified particles, no influence of an increasing amount of 5-(triethoxysilyl)-pentanoic acid on the particle morphology can be observed. The particle diameter remains unaffected and varied independently from the carboxylic acid group content between 100 and 140 nm (Fig. 1b-e) . However, a further increase in the carboxylic acid content was not possible. No particle formation was observed for approaches containing more than 35 mol% of the carboxy-modified silane.
Additionally, the influence of sodium hydroxide on the morphology of carboxylic acid-modified silica particles was investigated. For this, particles containing the theoretical amount of 10 mol% carboxylic acid groups were prepared with different amounts of sodium hydroxide. In contrast to the previously prepared samples containing different amounts of carboxylic acid groups, the amount of sodium hydroxide significantly affects the pH value of the sol. It rises from pH 6.9 (for the sample P10-3.5) over pH 8.9 (P10-7) and 10.4 (P10-10.5) to pH 10.7 (P10-21). Figure 1f -h demonstrates the influence of the increasing pH value on the morphology of the particles: with increasing pH, the spherical shape is completely lost and larger bean-like particles are formed.
The nitrogen adsorption-desorption isotherms and the pore size distributions that were calculated from the adsorption branch of the isotherm with the BJH method are shown in Fig. 2 . For the particles prepared with different amounts of 5-(triethoxysilyl)pentanoic acid, all isotherms show a sharp increase in the adsorbed volume between relative pressures of 0.2 and 0.5, indicating the presence of small pores. In the case of pure silica particles, the isotherms show a hysteresis loop whose intensity decreases and finally disappears with increasing carboxylic acid content. This indicates a broader pore size distribution and a decrease in the pore diameters. Both can be confirmed by BJH calculations (Fig. 2 bottom) . With increasing carboxylic acid content, the width of the pore size distribution significantly increases and the maximum is shifted toward smaller pore diameters. This can be explained by the fact that an increasing inclusion of the relatively large carboxylic acid groups causes steric repulsions at the interface between the growing hybrid network and the positively charged CTAB micelles. These steric repulsions force the curvature of the micelle assembly to increase, whereby the diameter is decreased [38, 39] .
For the particles prepared by varying the proportion of sodium hydroxide while keeping the amount of carboxylic acid groups constant, a similar trend can be observed. Both graphs on the right side of Fig. 2 illustrate the high dependency of the porosity on the amount of added sodium hydroxide. The samples P10-7 and P10-10.5 show a narrow pore size distribution, whereas for the samples prepared with lower or higher amounts of sodium hydroxide no or only a very broad pore size distribution was obtained. From this, it can be concluded that only with a defined amount of sodium hydroxide, a well-pronounced pore system can be obtained and that therefore the amount of sodium hydroxide in the sol must be well adjusted. This strong dependence of the pore structure on the amount of sodium hydroxide or the alkalinity of the system has already been reported by Che et al. [25] . The authors addressed the problem that under strong alkaline conditions CES is highly hydrated and therefore exhibit only weak interactions with the cationic headgroup of the surfactant. As a result, the mesocages composed of CES and the surfactant micelles have a positive charge, resulting in highly repulsive forces. In contrast, under low alkaline conditions CES is less hydrated and therefore has strong electrostatic interactions with the surfactant micelles. As a consequence, the positive charge density and the repulsive forces of the mesocages are low and a regular arrangement of the micelles is enhanced.
The calculated specific surface areas (SSA) and the pore sizes of all prepared particles are summarized in Fig. 3 . All samples exhibit high specific surface areas up to 1040 m 2 g -1 . Only high amounts of carboxylic acid groups or sodium hydroxide lead to slightly lower specific surface areas of 570 or 770 m 2 g -1 , respectively. This is due to a loss in the mesopore volume.
The pore sizes initially rise from 2.6 nm for the pure silica particles to 3.0 nm for the carboxylic acid-modified particles and subsequently show a clear tendency to smaller pores with increasing carboxylic acid or sodium hydroxide content. For the sample P10-21, no clear pore diameter could be calculated due to the very broad pore size distribution.
To investigate the spatial arrangement of the pores, all samples were characterized via X-ray diffraction. In Figs. 4 and 5, the diffraction patterns as well as the structural parameters of the carboxy-modified particles after extraction of the surfactant are shown.
The pure silica particles as well as the particles modified with 10 mol% carboxylic acid groups show a long-rangeordered 2D hexagonal arrangement of the mesopores with three well-pronounced scattering peaks at 2.13°, 3.69°, and 4.26°2h. The d-spacing ration of 1: ffiffi ffi 3 p :2 can be indexed to the (10), (11) , and (20) Bragg reflections from which the respective lattice d-spacings d 10 , d 11 , and d 20 can be calculated. For the particles modified with higher amounts of carboxylic acid groups, the (10) peak is strongly broadened and the (11) and (20) peaks are no longer detectable. This shows that a higher number of carboxylic acid groups results in a less pronounced hexagonal arrangement of the mesopores within the organic-inorganic matrix. This negative effect of organofunctional trialkoxysilanes on the pore structure has already been described by Richer et al. [39] . The authors explained this influence with the increased lyophilic interactions between organosilanes and the hydrophobic core of micelles. This leads to an opening of the micelle structure and causes a deeper penetration of TEOS into the micelles. Consequently, the micelle organization is perturbed and more disordered domains are formed.
All calculated parameters for the 2D hexagonal lattice are presented in Fig. 4 (bottom) . For the carboxylic acidmodified particles, a slight peak shift toward smaller q-and therefore larger lattice spacings (d 10 ) as well as lattice constants (a) is observed. Additionally, the thicknesses of the walls in the materials were estimated. Due to the increasing lattice spacings and the decreasing pore sizes, thicker organically modified silica walls are obtained. The thickness increases from 2.1 nm for the sample modified with 10 mol% of carboxylic acid groups (P10-7) to 3.0 nm for the sample prepared with 30 mol% carboxylic acid groups (P30-7).
For the particles prepared with different amounts of sodium hydroxide, the most pronounced 2D hexagonal arrangement of the mesopores can be obtained for a sodium hydroxide content of 10.5 mmol (P10-10.5). Compared to the diffraction patterns of the other samples with lower or higher sodium hydroxide contents, it can clearly be seen that the amount of NaOH should be between 7 and 10.5 mmol. Out of this range, instead of sharp reflections indicating a long-range-ordered pore arrangement, the scattering curves show a weak short-range-order peak. Particularly, the addition of high amounts of sodium hydroxide leads to a complete loss of the structural ordering. Figure 6 shows the IR-ATR spectra of the nanoparticles prepared with different amounts of carboxylic acid-modified silanes. The most intense peaks can be identified as follows: (1 The vibration band at *1720 cm -1 corresponds to the CO vibration of the carboxylic acid group [40] . With increasing amount of organofunctional silane, hence carboxylic acid group, an increase in the band intensity can be observed. This clearly proves the presence of carboxylic acid groups in the silica To compare the theoretical amount of the carboxylic acid groups with the actual amount of the carboxylic acid groups that are incorporated in the particles, STA measurements were performed (Fig. S1) . However, the data show that a complete removal of the surfactant from the pores was not possible. For this reason, precise quantitative evaluations are not possible.
Carboxylic acid group-functionalized materials are often used as adsorbent materials due to the affinity and high binding capacity, e.g., toward basic dye molecules. Under neutral or basic conditions, all carboxylic acid groups are deprotonated and present in the form of negatively charged carboxy groups. Particularly, these negatively charged moieties are very suitable as binding sites for the adsorption of, e.g., methylene blue, onto the particles through electrostatic interactions. This effect has already been reported by Li et al. [18] who further described the dependency of the pore size and the specific surface area on the adsorption capacity. In our adsorption experiments, we compared pure silica particles with particles, modified with 20 wt% carboxylic acid groups. Since both samples (P0-7 and P20-7) have almost the same pore size and specific surface area, the carboxylate groups should be responsible for the different adsorption behavior of the two samples. Figure 7 shows the adsorption behavior of both set of particles toward aqueous methylene blue solutions with concentrations between 2 and 10 mg mL -1 as well as the adsorption isotherms of methylene blue on the porous particles. In both cases, the adsorption capacities are higher than those of conventional adsorbents, such as glass fibers, pyrophyllite or activated petroleum [41] [42] [43] and comparable to the values reported for similar silica or carboxymodified silica particles [14, 18] . From both graphs, it is obvious that during the same time interval of 2 days, more dye is adsorbed on the surface of carboxy-modified particles than on pure silica materials. This different adsorption behavior is even visible by eye. Photographs of the individual samples after separation of the particles are shown in the insets of Fig. 7 . The images show that an aqueous methylene blue solution with a concentration of 2 mg mL -1 was completely discolored after stirring with carboxy-modified silica particles for 2 days. In contrast, pure silica particles, even comprising mesopores, could not completely adsorb the dye and a weak blue colored solution remained. This trend is also continued for the other concentrations of methylene blue in water illustrating that carboxy-modified particles have a larger tendency to adsorb basic dyes than pure silica materials. In this respect, carboxy-modified particles are highly interesting materials for the development of efficient adsorbents for the removal of pollutants, e.g., heavy metals from waste water. However, further adsorption experiments are necessary.
Conclusions
A simple, straightforward one pot co-condensation approach has been presented for 100 to 140 nm-sized spherical carboxy-modified particles. Quantification of the carboxylic acid groups was not possible, but IR-ATR measurements clearly prove the incorporation of the functional groups in the silica network. High specific surface areas were obtained and the adsorption behavior of the carboxy-modified particles toward methylene blue was improved compared to pure silica materials. This illustrates the suitability of the particle as adsorbent materials and further studies on this issue will follow. Fig. 7 Top UV/Vis signal intensities measured at 663 nm for the dye solutions after the adsorption experiment. The insets show pictures of the solutions after separation from the particles. Bottom Equilibrium adsorption isotherms of methylene blue onto the porous particles
